1. Introduction {#sec1-pathogens-09-00550}
===============

Parasitic helminths (worms) cause substantial morbidity and mortality in human and animals. The World Health Organization (WHO) estimates that more than 1.5 billion people (24% of the world's population) are infected with soil-transmitted helminths worldwide \[[@B1-pathogens-09-00550]\]. Members of the Phylum Nematoda infect livestock and cause the most prominent losses to food production globally \[[@B2-pathogens-09-00550]\]. In particular, the barber's pole worm, *Haemonchus contortus* (order Strongylida) is a highly pathogenic nematode, primarily of ruminants, and has a global distribution \[[@B3-pathogens-09-00550]\]. This blood-feeding worm causes anaemia, associated complications and death in severely affected animals \[[@B4-pathogens-09-00550]\] and major productivity and economic losses to farmers and livestock industries \[[@B5-pathogens-09-00550],[@B6-pathogens-09-00550]\]. Currently, the control of *H. contortus* and related nematodes relies on the use of a limited number of anti-parasitic drugs and their excessive and often uncontrolled use has led to widespread resistance in these worms against these drugs (within as few as two years) \[[@B7-pathogens-09-00550],[@B8-pathogens-09-00550]\], even to those most-recently introduced into the commercial market (e.g., monepantel) \[[@B9-pathogens-09-00550],[@B10-pathogens-09-00550],[@B11-pathogens-09-00550]\]. The relatively rapid emergence (within 5--10 years) of resistance in gastrointestinal nematode populations \[[@B7-pathogens-09-00550]\] means that there is a continued need for the discovery of new compounds with modes/mechanisms of action which are distinct from those presently available on the commercial market \[[@B12-pathogens-09-00550],[@B13-pathogens-09-00550]\].

Although there has been a major focus on synthetic compounds as anthelmintics \[[@B8-pathogens-09-00550],[@B14-pathogens-09-00550]\], recent studies have shown that natural compounds from both terrestrial and marine environments have shown considerable promise \[[@B15-pathogens-09-00550],[@B16-pathogens-09-00550],[@B17-pathogens-09-00550],[@B18-pathogens-09-00550],[@B19-pathogens-09-00550]\] due to the diverse biologically active chemotypes in nature \[[@B20-pathogens-09-00550]\]. Current estimates indicate that there are \>400,000 land plant species and ≥44,000 species of algae \[[@B21-pathogens-09-00550],[@B22-pathogens-09-00550]\]. Australia offers one of the most unique and diverse ecosystems, and chemical investigations of native specimens have allowed the isolation and discovery of numerous novel and unique natural compounds from terrestrial or marine environments \[[@B23-pathogens-09-00550],[@B24-pathogens-09-00550]\]. Some recently discovered natural product scaffolds exhibit antiparasitic, antimicrobial, anti-inflammatory and/or anti-cancer activity \[[@B25-pathogens-09-00550],[@B26-pathogens-09-00550],[@B27-pathogens-09-00550],[@B28-pathogens-09-00550]\].

Recent studies by our research team \[[@B29-pathogens-09-00550],[@B30-pathogens-09-00550],[@B31-pathogens-09-00550],[@B32-pathogens-09-00550]\] have been focused on isolating secondary metabolites from marine sponges, algae and terrestrial plants in Australia. Some of these natural compounds include the pentaprenylated *p*-quiniol (compound **1**) and furospinosulin-1 (**2**) from *Dactylospongia* sp. (mustard sponge), 6-undecylsalicyclic acid (**3**) and 6-tridecylsalicylic acid (**4**) from *Caulocystis cephalornithos* (marine brown alga), 6-hydroxy-2,5-dimethoxy-9-phenylphenalen-1-one (**5**) from *Haemodorum spicatum* (bloodroot), fuliginosin A (**6**) and anigopreissin A (**7**) from *Macropidia fuliginosa* (black kangaroo paw), and acacetin (**8**) from *Agastache rugosa* (Korean mint). These compounds have been shown to possess anti-inflammatory, anti-cancer and/or antimicrobial properties \[[@B29-pathogens-09-00550],[@B33-pathogens-09-00550],[@B34-pathogens-09-00550],[@B35-pathogens-09-00550],[@B36-pathogens-09-00550],[@B37-pathogens-09-00550]\]; the latter properties suggest that some of these compounds might also have activities against pathogens such as parasites. In the present study, we explored the activity of select secondary metabolites against *H. contortus* using established in vitro methods, with the aim of identifying candidate compounds to optimise and develop as anthelmintic drugs.

2. Results {#sec2-pathogens-09-00550}
==========

2.1. Reduction in Larval Motility and/or Development, and Phenotypic Alteration {#sec2dot1-pathogens-09-00550}
-------------------------------------------------------------------------------

Initial screening of the eight compounds (each at 20 µM; [Figure 1](#pathogens-09-00550-f001){ref-type="fig"}) on *H. contortus* suggested that compounds **7** and **8** each reduced xL3 motility by \~50% after 72 h, but this effect was not reproducible, and showed that compounds **3** and **4** each induced an abnormal phenotype in \>90% of L4s exposed for seven days ([Figure 2](#pathogens-09-00550-f002){ref-type="fig"}A). The latter phenotype (designated as "skinny-straight", *Sks*) was characterised by thin, straight larvae with reference to larvae exposed to DMSO alone (which had no apparent abnormality; cf. \[[@B38-pathogens-09-00550]\]).

A subsequent assessment of compounds **3**, **4**, **7** and **8** in dose-response assays revealed that compound **4** was the most potent at reducing xL3-motility by 51.3 ± 0.4% at 100 μM after 72 h (IC~50~ = 20.3 ± 0.9 μM; [Figure 3](#pathogens-09-00550-f003){ref-type="fig"}A). Compound **4** (at 100 μM) also inhibited the development of xL3s to the L4 stage over seven days (IC~50~ = 40.7 ± 7.4 μM; [Figure 3](#pathogens-09-00550-f003){ref-type="fig"}B). Compounds **3** and **4** (each at 100 μM) each inhibited L4-motility by 46% and 65%, respectively, within 72 h ([Figure 3](#pathogens-09-00550-f003){ref-type="fig"}C), and induced an *Sks*-phenotype in \>90% of L4s (72 h) at concentrations as low as 0.78--1.56 μM ([Figure 2](#pathogens-09-00550-f002){ref-type="fig"}B), similar to that observed in L4s exposed to monepantel at 50 µM.

2.2. Acute Nematocidal Activity on Adults {#sec2dot2-pathogens-09-00550}
-----------------------------------------

Compounds **3** and **4** were tested separately on adult females and males of *H. contortus*. Already after 6 h of exposure to 50 μM and 100 μM of each of the two compounds, 90% and 100% of females, respectively, were immotile compared with slight motility in positive-control wells (monepantel or moxidectin, at the same concentrations) ([Table 1](#pathogens-09-00550-t001){ref-type="table"}). Under the same conditions, 100% of males were immotile for both concentrations, compared with only slight motility in positive-control wells ([Table 1](#pathogens-09-00550-t001){ref-type="table"}). Compound **4** was assessed further in a dose-response assay, and inhibited the motility of adult females with the IC~50~ value of 10.1 μM after 1 h of exposure ([Figure 4](#pathogens-09-00550-f004){ref-type="fig"}), which remained consistent for a further 3 h-period. In the same assay, moxidectin affected adult females similarly over time with an IC~50~ value of 0.3 μM, while monepantel was most potent at two concentration ranges (1.56--6.25 μM and 50--100 μM; [Figure 4](#pathogens-09-00550-f004){ref-type="fig"}).

An assessment of worm morphology revealed that adult *H. contortus* of each sex exposed to each compound (**3** and **4)** exhibited a "straight" phenotype at 6 h ([Figure 5](#pathogens-09-00550-f005){ref-type="fig"}), similar to that seen in worms exposed to monepantel alone (same concentration), with no morphological alteration seen in worms exposed for 48 h ([Figure 5](#pathogens-09-00550-f005){ref-type="fig"}). A distinctly different phenotype (coiled/turned mid-section in female, and coiled posterior end in male) was exhibited by worms exposed to moxidectin for 6 h, which 'transformed' into a "wavy" phenotype by 48 h (see [Figure 5](#pathogens-09-00550-f005){ref-type="fig"}).

The viability of adult worms exposed to each compound **3** and **4** for 12 h was evaluated in the fluorescence-based assay. Female exposed to 50 μM of each compound **3** and **4** were markedly less viable (38,202--44,581 RFUs) than of those exposed to each of the positive-control compounds (7014--10,665 RFUs; similar to untreated control) ([Figure 6](#pathogens-09-00550-f006){ref-type="fig"}), with less variation in viability at 100 μM than 50 µM. Adult males exposed to 50 and 100 μM of each of these two compounds were markedly less viable than untreated control worms and similar to worms exposed to the same concentrations of monepantel.

2.3. Subcuticular Tissue Damage in Adult Worms {#sec2dot3-pathogens-09-00550}
----------------------------------------------

The "straight" phenotype induced in adult *H. contortus* by compound **4** was examined by SEM and TEM ([Figure 7](#pathogens-09-00550-f007){ref-type="fig"}). This phenotype was characterised by a retraction of the mouth compared with the wild-type phenotype, in which the buccal capsule and dorsal lancet \[[@B40-pathogens-09-00550],[@B41-pathogens-09-00550]\] were readily visible ([Figure 7](#pathogens-09-00550-f007){ref-type="fig"}A). The barber's pole appearance of affected worms was pronounced due to shrinkage, particularly in the mid-body section ([Figure 7](#pathogens-09-00550-f007){ref-type="fig"}A) and was exacerbated in worms exposed to compound **4** for 48 h compared with 6 h (not shown). The cuticle appeared as intact after compound treatment, but annuli (ridges) on the cuticle appeared as shortened and compressed in ultra-thin transverse mid-body sections (see [Figure 7](#pathogens-09-00550-f007){ref-type="fig"}B). Subcuticular tissues (hypodermis) and body musculature were severely damaged/disintegrated and associated with a release and alteration of mitochondria ([Figure 7](#pathogens-09-00550-f007){ref-type="fig"}B). Cytoplasmic vacuolisation and disruption of mitochondrial membranes were evidenced by electro-lucent areas within tissues ([Figure 7](#pathogens-09-00550-f007){ref-type="fig"}B). None of these pathological changes was evident in untreated worms. The cellular damage seen in female worms and male worms exposed to compound **4** was the same, and similar to that seen in worms treated with compound **3** (not presented).

3. Discussion {#sec3-pathogens-09-00550}
=============

Compounds **3** (6-undecylsalicylic acid) and **4** (6-tridecylsalicylic acid) from *C. cephalornithos* (marine brown alga) had appreciable in vitro-activities against the larval and adult stages of *H. contortus*. Compounds **3** and **4** (100 μM) each inhibited L4-motility by 46% and 65%, respectively, within 72 h ([Figure 3](#pathogens-09-00550-f003){ref-type="fig"}C), and induced a *Sks*-phenotype in L4s (72 h) at concentrations as low as 0.8 μM. The potency of compound **4** to inhibit the motility of L4 was greater than its effect on xL3, which might be explained by the well-developed mouth and pharynx in the L4 stage, resulting in more rapid oral uptake into and accumulation of the compound in the worm (cf. \[[@B42-pathogens-09-00550],[@B43-pathogens-09-00550]\]). The *Sks*-phenotype in L4s and the substantial subcuticular tissue destruction in the adult stage of *H. contortus* bode well for further work on this and similar chemical scaffolds.

The major tissue damage and associated cytoplasmic and mitochondrial vacuolisation seen in the adult stage exposed to compound **4** and the rapid decline in the worms' motility and viability indicate a marked disruption of cellular physiology and functions, possibly resulting from a direct or indirect effect on mitochondria, an imbalance of fluid exchanges between the pseudo-coelomic space and muscle and/or an abnormal osmotic pressure within the worm. Surprisingly, these tissue and cellular alterations are similar to those seen in adults of *H. contortus* collected from goats fed tannin-rich plants \[[@B44-pathogens-09-00550]\]. The extracts of these plants, however, caused the formation of lesions on the cuticle, including mouth, of *H. contortus* in vivo and in vitro \[[@B45-pathogens-09-00550],[@B46-pathogens-09-00550]\], presenting a distinctly different phenotype from that induced by compound **4**. Given that these compounds are very distinct in structure, it is possible that the cellular damage seen in the worm is the result of a stress-response due to the exposure to the compound, rather than the result of a highly specific mode of action. It would be interesting to explore the molecular or mechanistic determinant(s) of the subcuticular tissue damage and apparently associated cellular destruction and vacuolisation, and to test the hypothesis that these alterations in the worm are linked to the malfunction of mitochondria caused by a reduced expression of one or more genes (e.g., cytochrome *c* oxidase, cytochrome *b*, ATP synthase and NADH dehydrogenase) and subsequent apoptosis \[[@B47-pathogens-09-00550]\]. The use of transcriptomics and/or proteomics (cf. \[[@B17-pathogens-09-00550],[@B48-pathogens-09-00550],[@B49-pathogens-09-00550],[@B50-pathogens-09-00550]\]) might assist in testing this hypothesis and in elucidating the patho-molecular, -biochemical and/or -physiological mechanism(s).

The higher potency of compound **4** than **3** on both larval and adult stages of *H. contortus* might be explained, at least partially, by its extended alkyl chain (cf. [Figure 1](#pathogens-09-00550-f001){ref-type="fig"}). The longer chain leads to higher lipophilicity \[[@B51-pathogens-09-00550]\], thereby possibly allowing for a more efficient uptake into the worm. Compound **4** (6-tridecylsalicylic acid from *C. cephalornithos*) was first isolated and described for its anti-inflammatory property in 1980 \[[@B52-pathogens-09-00550]\] using a murine model \[[@B33-pathogens-09-00550]\]. Since then, structurally-related analogues of 6-tridecylsalicylic acid have been discovered in *C. cephalornithos* (see \[[@B34-pathogens-09-00550],[@B52-pathogens-09-00550]\]); however, their activities have not yet been investigated. Although 6-undecylsalicylic acid and 6-tridecylsalicylic acid were originally isolated from a southern Australian specimen of *C. cephalornithos*, these compounds were identified recently in another species of marine brown alga, *Sargassum decipiens* \[[@B30-pathogens-09-00550]\], but not assessed for nematocidal or nematostatic activity. The potent effect of compound **4** on *H. contortus* warrants future work to evaluate the antiparasitic activities/potencies of 6-tridecylsalicylic acid and its analogues from a range of species of marine algae.

Compound **4** from *C. cephalornithos* and a series of analogues should be tested for their absorption, distribution, metabolism, excretion and toxicity (ADMET) profiles \[[@B53-pathogens-09-00550]\]. Initially, we propose that in vitro-cytotoxicity testing be carried out using HepG2 human hepatoma cells \[[@B54-pathogens-09-00550]\], as there is presently no information for 6-tridecylsalicylic acids. Interestingly, a structurally-similar molecule, gingkolic acid from *Ginkgo biloba* L., has selective toxicity on tumorigenic cells, including HepG2 and human laryngeal carcinoma (HEp-2) cells, but no toxic effect on non-tumour cells \[[@B55-pathogens-09-00550],[@B56-pathogens-09-00550]\]. Ginkgolic acid has been studied relatively extensively for its therapeutic effects on cryptosporidiosis \[[@B57-pathogens-09-00550],[@B58-pathogens-09-00550]\], human immunodeficiency virus (HIV) and HIV infection \[[@B59-pathogens-09-00550]\], hypertension \[[@B60-pathogens-09-00550],[@B61-pathogens-09-00550]\] and cancer \[[@B56-pathogens-09-00550],[@B62-pathogens-09-00550]\]. Furthermore, *G. biloba* L. has long been used in traditional Chinese medicine for treating lung and skin diseases \[[@B63-pathogens-09-00550],[@B64-pathogens-09-00550]\], and its extracts have been assessed also as a remedy for cognitive impairment treatment in people \[[@B65-pathogens-09-00550],[@B66-pathogens-09-00550]\]. Based on the licenced use of *G. biloba* extracts \[[@B65-pathogens-09-00550]\] and the selective toxicity of ginkgolic acid, it is possible that compound **4** and related compounds from algae, such as *S. decipiens*, might exert toxic effects selectively towards parasitic cells over mammalian host cells. This aspect also warrants investigation.

4. Materials and Methods {#sec4-pathogens-09-00550}
========================

4.1. Compounds and Preparation {#sec4dot1-pathogens-09-00550}
------------------------------

The eight natural compounds selected for this study are listed in [Table 2](#pathogens-09-00550-t002){ref-type="table"}, and their structures depicted in [Figure 1](#pathogens-09-00550-f001){ref-type="fig"}. Samples were extracted using 3:1 methanol (MeOH)/dichloromethane (DCM), followed by sequential partitioning into DCM and MeOH, respectively. The DCM fraction was subjected to flash silica chromatography or reversed-phased semi-preparative high-performance liquid chromatography (HPLC) for compound isolation. The collection, isolation and structural characterisation details of each compound are described in [Supplementary File 1](#app1-pathogens-09-00550){ref-type="app"}.

4.2. Procurement of Larval and Adult Stages of H. contortus {#sec4dot2-pathogens-09-00550}
-----------------------------------------------------------

*H. contortus* (Haecon-5 strain) was maintained in experimental sheep \[[@B67-pathogens-09-00550]\] in accordance with institutional animal ethics approval (permit no. 1714374; The University of Melbourne). Helminth-free Merino sheep (male; eight months of age) were orally inoculated with 7000 third-stage larvae (L3s) of *H. contortus*. Faecal samples containing *H. contortus* eggs were collected every day from 21 days following inoculation. These samples were incubated at 27 °C for one week to produce L3s \[[@B38-pathogens-09-00550]\], which were harvested and sieved through two layers of nylon mesh (20 μm pore size; Rowe Scientific, Doveton, VIC, Australia) to remove debris or dead larvae, and then stored at 10 °C for up to 6 months until use. To produce exsheathed third-stage larvae (xL3s), L3s were incubated in 0.15% (*v*/*v*) sodium hypochlorite for 20 min at 37 °C \[[@B38-pathogens-09-00550]\]. Adult *H. contortus* were collected from the abomasa of sheep infected for 10 weeks, washed extensively in phosphate-buffered saline (PBS, pH 7.4) and then in RPMI 1640 media supplemented with 2 mM L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin and 0.25 μg/mL amphotericin B (RPMI\*; Thermo Fisher Scientific, Scoresby, VIC, Australia), and female and male worms separated immediately prior to the testing of compounds.

4.3. Screening of Compounds on xL3s of H. contortus {#sec4dot3-pathogens-09-00550}
---------------------------------------------------

Compounds were screened at a concentration of 20 μM on xL3s of *H. contortus*, essentially as described previously \[[@B38-pathogens-09-00550]\]. In brief, compounds were dissolved to a stock concentration of 20 mM in dimethyl sulfoxide (DMSO; cat no. 2225; Thermo Fisher Scientific, Scoresby, VIC, Australia), then individually diluted to a final concentration of 20 μM using Luria Bertani broth (LB) supplemented with 100 U/mL of penicillin, 100 μg/mL of streptomycin and 0.25 μg/mL of amphotericin (LB\*). LB\* + 0.5% DMSO, serving as a negative control, and two distinct positive control compounds \[20 μM of each monepantel (Zolvix, Elanco, Greenfield, IN, USA) and moxidectin (Cydectin, Virbac, Carros, France)\] were applied (in triplicate) to wells of a 96-well microtiter plates (Corning, Corning, NY, USA), and xL3s (\~300/well) then added. Monepantel paralyses *H. contortus* by binding to the ligands of nicotinic acetylcholine receptor subunits expressed in body wall muscle cells \[[@B68-pathogens-09-00550],[@B69-pathogens-09-00550]\], and moxidectin causes flaccid paralysis by binding to gamma-aminobutyric acid (GABA)-gated ion channels in neurons \[[@B70-pathogens-09-00550]\].

Following the incubation of the 96-well microtitre plates containing xL3s for 72 h at 38 °C, 10% (*v*/*v*) CO~2~ and \>90% humidity, a video recording (5 s) was taken of each well using a grayscale camera (Rolera bolt sCMOS camera, QImaging Scientific, Tucson, AZ, USA) and a motorised X-Y axis stage (BioPoint 2, Ludl Electronics Products, Hawthorne, NY, USA). Individual videos were processed for a motility index (Mi) using the unique algorithm written in a custom macro and analysed through the program ImageJ (v.2.0.0, Fiji) \[[@B38-pathogens-09-00550]\]. Primary screening was performed in triplicate, twice, on separate days. A compound was recorded as having activity if it reduced xL3 motility by ≥70% after 72 h of incubation. Data (Mi) from each assay were normalised to a percentage compared with the positive (moxidectin and monepantel) and negative control (LB\* + 0.5% DMSO).

4.4. Dose-Response Assessments of Active Compounds on xL3s and L4s of H. contortus {#sec4dot4-pathogens-09-00550}
----------------------------------------------------------------------------------

Compounds that reduced the motility of xL3 in primary screen (compounds **3**, **4**, **7** and **8**) were verified by determining the half maximum inhibitory concentrations (IC~50~) calculated by the generation of dose-response curves at 72 h. Compounds were serially diluted 2-fold in 50 μL of LB\*, starting at a concentration of 100 μM down to 0.76 nM, in 96-well microtitre plates (Corning, Corning, NY, USA). Either xL3s or L4s were added to individual wells containing titrated compounds in 50 μL of LB\* at a density of 300 per well. All plates were incubated at 38 °C and 10% (*v*/*v*) CO~2~ with \>90% humidity. After 72 h of incubation, the motility was measured and analysed to generate an 18-point dose-response curve. Plates containing xL3s were further incubated for four days and these compounds were also tested for their ability to inhibit the development of xL3s to L4s. The rate of L4 development was evaluated by microscopically assessing the presence or absence of mouth and pharynx \[[@B41-pathogens-09-00550]\], and directly compared with negative controls (LB\* + 0.5\\% DMSO). Monepantel and moxidectin were prepared in the same dilution series and referenced as positive controls. All assays (xL3 motility, L4 motility and L4 development) were performed in triplicate, three times, on separate days. Data (Mi) from each assay were converted to a percentage compared with the negative control (LB\* + 0.5\\% DMSO). To establish IC~50~ values, compound concentrations were log~10~-transformed, fitted using a variable slope four-parameter equation with constraining the top value to 100% using a least squares (ordinary) fit model using the GraphPad Prism (v. 8.1.0) software (GraphPad Software, San Diego, CA, USA).

4.5. Assessment of the Activity of Selected Compounds on Adult H. contortus {#sec4dot5-pathogens-09-00550}
---------------------------------------------------------------------------

The in vitro-activity of two compounds (**3** and **4)** was evaluated using adults of *H. contortus*. Compounds **3** or **4** were added to individual wells of 12-well plates (Corning, Corning, NY, USA) at final concentrations of 50 and 100 μM in phenol-red free RPMI\*. Corresponding concentrations of monepantel and moxidectin were included as positive controls, and medium containing 1% DMSO served as an untreated (negative) control. Ten adults of each sex were added to wells and exposed to each compound and each control at 40 °C and 10% (*v*/*v*) CO~2~ with \>90% humidity; 6 and 48 h after the exposure, a short video recording (20 s) of each well in each plate was taken and the effect of each compound was assessed based on a reduction of motility. Motility was scored as 3 ("good"), 2 ("low"), 1 ("very low") and 0 ("no movement"), according to a previous publication \[[@B39-pathogens-09-00550]\]. Additionally, compound **4** was tested on females in a seven-point dose-response assay (from 100 μM to 1.56 μM at 2-fold dilutions). Motility was evaluated at 1, 2 and 3 h using the same scoring system. The sum of motility scores for each compound was calculated for each concentration and normalised against the no-compound control (RPMI\*+1% DMSO) and calculated as a percentage. To establish IC~50~ values, compound concentrations were log~10~-transformed, fitted using a variable slope four-parameter equation using a least squares (ordinary) fit model using the GraphPad Prism (v. 8.1.0) software.

At 12 h, the viability of treated and untreated adult worms was evaluated using 1 μM SYTOX™ green nucleic acid stain (Thermo Fisher Scientific, Scoresby, VIC, Australia), by labelling in the dark at 40 °C, 10% (*v*/*v*) CO~2~ and \>90% humidity, 4 h prior to examination. For each treatment, ten female or ten male worms of *H. contortus* were dispensed into individual wells of a 48-well plate (Corning, Corning, NY, USA), and the relative fluorescent units (RFUs) in each well measured at 503 nm/ex and 528 nm/em using Biotek Synergy H1 plate reader (Bio Tek Instruments, Winooski, VT, USA).

4.6. Scanning Electron Microscopy (SEM) {#sec4dot6-pathogens-09-00550}
---------------------------------------

Individual adults were examined by SEM. Ten adults per treatment, for each sex, in 1 mL of RPMI\* in a 12-well plate, were exposed to 100 μM of compounds **3** or **4** for 6 h and 48 h at 40 °C, 10% (*v*/*v*) CO~2~ and \>90% humidity. Adults treated with monepantel, moxidectin or 1% DMSO were also included as controls. Worms were washed with 0.1 M sodium cacodylate trihydrate once and fixed in 2.5% glutaraldehyde and 2% paraformaldehyde for 3 h at room temperature then fixed overnight. On the following day, fixed worms were rinsed three times in 0.1 M sodium cacodylate trihydrate for 10 min, and then post-fixed in 2% osmium tetroxide at room temperature for 1 h. Fixed worms were then rinsed three times in distilled water for 15 min. Following fixation, worms were dehydrated in a graded ethanol series (30%, 50%, 70%, 90% and 100%) for 1 h, dried in a critical point dryer (EM CPD300, Leica, Wetzlar, Germany) overnight, mounted on to aluminium stubs (50 mm) with double-sided sticky tape and then sputter-coated with gold. Adult worms were imaged using a JEOL JCM-6000 Plus NeoScope scanning electron microscope (JEOL, Tokyo, Japan); all worms were examined for each treatment group.

4.7. Transmission Electron Microscopy (TEM) {#sec4dot7-pathogens-09-00550}
-------------------------------------------

Sections of adult worms were examined for the anatomical alterations induced by compounds using TEM. Individual adults were exposed to 100 μM of compounds **3** or **4** for 48 h, washed and fixed for SEM preparation. Adult worms treated with monepantel, moxidectin or 1% DMSO were included as controls. After fixation, worms were post-fixed in 1% osmium tetroxide and 1.5% potassium ferrocyanide in the dark for 2 h at 22 °C before being rinsed again three times in 0.1 M sodium cacodylate trihydrate for 1 h. The fixed adult worms were washed three times in distilled water for 1 h and dehydrated in a graded ethanol series (50%, 70%, 90%, 95% and 100%) for 2 h on a platform rocker, rinsed two times in 100% acetone for 45 min, rocking, and then embedded in Spurr's resin. Ultrathin sections were cut with an EM UC7 ultramicrotome (Leica Microsystems GmbH, Wetzlar, Germany) and contrasted with lead citrate and aqueous uranyl acetate. Sections were imaged using a transmission electron microscope (JEOL JEM-1400 Flash, Tokyo, Japan) with an integrated JEOL sCMOS camera (JEOL, Tokyo, Japan).

5. Conclusions {#sec5-pathogens-09-00550}
==============

We have discovered two compounds (**4** and **3**) from the marine brown alga with relatively potent and acute anthelmintic effects on multiple developmental stages of *H. contortus*. This appears to be the first report of algal compounds with profound effects on both larval and adult stages of an economically-important parasitic nematode. We believe that the 6-tridecylsalicylic acid scaffold identified has potential to be developed as an anthelmintic, provided that increased and selective potency for *H. contortus* can be attained. Future work should focus on undertaking a structure-activity relationship study, on elucidating the mode(s) of action of optimised compounds using molecular tools and defining their ADMET profile(s).
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![The structures of eight natural compounds (**1** to **8**) investigated in this study.](pathogens-09-00550-g001){#pathogens-09-00550-f001}

![Testing of compounds **3** and **4** on the fourth-stage (L4s) of *Haemonchus contortus*. Representative images (25-times magnification) of xL3s cultured to L4s over seven days in the presence of individual test compounds (**3** and **4**) and control compounds (moxidectin and monepantel) at 20 μM in primary screen (panel **A**), and of L4s exposed over 72 h to the same individual test compounds (1.56 µM each) control compounds (moxidectin and monepantel) at 50 μM in a dose-response assay (panel **B**). Compounds **3** and **4** induced a skinny-straight (*Sks*) phenotype in L4s in comparison to the wild-type phenotype control (cultured in LB\* + 0.5\\% dimethyl sulfoxide). Worms representative of individual (morphological) phenotypes are encircled (bottom).](pathogens-09-00550-g002){#pathogens-09-00550-f002}

![In vitro-activity of compounds against exsheathed third-stage larvae (xL3) and fourth-stage larvae (L4) of *Haemonchus contortus*. Dose-response curves of the individual test compounds (**3**, **4**, **7** and **8)** and control compounds (monepantel and moxidectin) assessing the inhibition of xL3-motility at 72 h (panel **A**), xL3s cultured to L4s over seven days (panel **B**) and L4-motility at 72 h (panel **C**). Data points represent three independent experiments conducted in triplicates; the mean ± standard error of the mean (SEM).](pathogens-09-00550-g003){#pathogens-09-00550-f003}

![In vitro-activity of compound **4** against adult females of *Haemonchus contortus* at 1 h. Dose-response curves of the effects of compound **4** and each of the positive controls (monepantel and moxidectin) on the inhibition of adult female motility at 1 h. Data points and solid trend-lines fitted using a variable slope four-parameter equation for compound **4** and moxidectin; data points connected with a dotted line for monepantel.](pathogens-09-00550-g004){#pathogens-09-00550-f004}

![Adult *Haemonchus contortus* exposed to individual test compounds (**3** and **4**) and control compounds (monepantel and moxidectin) for 6 h or 48 h. Wells containing ten adult female (F) and male (M) were exposed to 100 μM of each of test and control compound, and imaged to examine worm morphology with reference to untreated control (1% dimethyl sulfoxide) and two positive controls; monepantel and moxidectin. For both sexes, all worms exposed to each test compound exhibited a "straight" phenotype at 6 h and 48 h. Worms (irrespective of sex) exposed to monepantel had a similar phenotype, but those exposed to moxidectin exhibited a distinct phenotype with a coiled posterior end (in males) and partly-coiled/twisted mid-section (in females) at 6 h and a "wavy"-phenotype by 48 h. Scale bar = 5 mm.](pathogens-09-00550-g005){#pathogens-09-00550-f005}

![Viability of adult female and male worms of *Haemonchus contortus*. The viability of adult worms (n = 10 per well) exposed to each test compound (50 µM or 100 µM) was compared with that of worms (n = 10 per well) exposed to monepantel, moxidectin (control compounds) at the same concentrations or 1% dimethyl sulfoxide alone (no compound), for 12 h. Following SYTOX™ Green nucleic acid staining, the (normalised) viability of worms was measured (relative fluorescence units, RFUs).](pathogens-09-00550-g006){#pathogens-09-00550-f006}

![Scanning and transmission electron microscopy (SEM and TEM) of adult specimens of *Haemonchus contortus* exposed to 100 µM of compound **4** or 1% dimethyl sulfoxide alone (no compound) for 48 h in vitro. SEM micrographs (panel **A**) reveal a distinct shrinkage of worms exposed to compound **4** and an associated retraction of the mouth (\*) and pronounced the barber's pole appearance in the mid-body section. TEM micrographs (panel **B**) show shortened and compressed annuli (ridges) on cuticle (c) and a distinct vacuolisation in some musculature (m\*) and mitochondria (µ\*) in exposed worms, evident as electro-lucent (e) areas, and no observed alterations in the musculature (m), mitochondria (µ) or cuticle (c) of no-compound control worms.](pathogens-09-00550-g007){#pathogens-09-00550-f007}

pathogens-09-00550-t001_Table 1

###### 

In vitro-activity of compounds **3** and **4** against adult *Haemonchus contortus*. The effect of individual test compounds (**3** and **4**) on the inhibition of motility was assessed at 6 h against control compounds (monepantel and moxidectin) or 1% dimethyl sulfoxide alone (no compound). Motility of individual worms (n = 10 per treatment for each sex) in individual wells was recorded (20 s) using a video camera and then scored (see footnote). The percentage (%) of worms with a particular motility score is indicated.

  --------------------------------------------------------------------------------------------------------
  Worm Sex     Treatment                                                                         
  ------------ ----------- --------- --------- --------- --------- --------- --------- --------- ---------
  **Female**   1; 10%\     0; 100%   1; 10%\   0; 100%   3; 80%\   2; 20%\   2; 30%\   1; 10%\   3; 90%\
               0; 90%                0; 90%              2; 20%    0; 80%    1; 30%\   0; 90%    2; 10%
                                                                             0; 60%              

  **Male**     0; 100%     0; 100%   0; 100%   0; 100%   2; 20%\   1; 10%\   2; 20%\   0; 100%   3; 100%
                                                         0; 80%    0: 90%    1; 10%\             
                                                                             0; 70%              
  --------------------------------------------------------------------------------------------------------

Scoring system used (cf. \[[@B39-pathogens-09-00550]\]): 3: good motility, 2: low motility, 1: very low motility, and 0: no motility
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###### 

Information on the eight natural compounds studied.

  -------------------------------------------------------------------------------------------------------------------
  Compound Code   Compound                                         Molecular Weight   Origin\
                                                                                      (Common Name)
  --------------- ------------------------------------------------ ------------------ -------------------------------
  1               pentaprenylated *p*-quiniol                      450.4              *Dactylospongia* sp.\
                                                                                      (Mustard sponge)

  2               furospinosulin-1                                 354.3              *Dactylospongia* sp.\
                                                                                      (Mustard sponge)

  3               6-undecylsalicyclic acid                         292.2              *Caulocystis cephalornithos*\
                                                                                      (Marine brown alga)

  4               6-tridecylsalicylic acid                         320.2              *Caulocystis cephalornithos*\
                                                                                      (Marine brown alga)

  5               6-hydroxy-2,5-dimethoxy-9-phenylphenalen-1-one   346.1              *Haemodorum spicatum*\
                                                                                      (Bloodroot; plant)

  6               fuliginosin A                                    362.1              *Macropidia fuliginosa*\
                                                                                      (Black kangaroo paw; plant)

  7               anigopreissin A                                  452.1              *Macropidia fuliginosa*\
                                                                                      (Black kangaroo paw; plant)

  8               acacetin                                         284.1              *Agastache rugosa*\
                                                                                      (Korean mint; plant)
  -------------------------------------------------------------------------------------------------------------------
